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Contact-free probing of interfacial charging and Debye-like charge screening in
SiO2/PDI8-CN2 systems by optical second harmonic generation
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Investigation of the interfacial electronic properties of N,N’-bis(n-octyl)-(1,7&1,6)-
dicyanoperylene-3,4:9,10-bisdicarboximide (PDI8-CN2) organic semiconductor films grown on
silicon dioxide is performed by polarization-resolved second harmonic generation optical spec-
troscopy, pointing out a spatial region where charge carriers distribution in the semiconductor
lacks inversion symmetry. By developing a model for nonlinear susceptibility in the framework
of Debye-Huckel screening theory, we show that the experimental findings can be interpreted as
resulting from the presence of a net charge localized at the silicon dioxide, accompanied by a
non-uniform charge distribution in the organic semiconductor. Photoluminescence analysis further
reinforces this scenario. Reduction-oxidation reactions involving PDI8-CN2 and water molecules are
invoked as physical origin of the localized charge. The work outlines a sensitive tool to probe the
total charge localized at buried semiconductor/dielectric interfaces in organic thin-film transistors
without resorting to invasive contact-based analyses.
PACS numbers: 68.35.bm, 85.30.Tv, 78.66.Qn, 77.55.dj
I. INTRODUCTION
It is commonly recognized that realization of full po-
tential of organic electronics is closely related on the abil-
ity to accurately analyze and predict the electronic prop-
erties of the various interfaces that play a role in the
devices.1,2 Such concept is particularly evident in the
case of organic field-effect transistors (OFETs), whose
performances are decisively affected by local interactions
of the organic semiconductor at its interface with gate
dielectric3–9 and air.10–12.
The important phenomenon of voltage threshold shift
during continuous gate bias (also known as bias stress
effect) can be considered a representative example of the
influence exerted on OFETs charge transport properties
by the organic semiconductor/gate dielectric interplay.13
Bias stress effect is commonly attributed to charge trap-
ping occurring in the semiconductor/dielectric transi-
tional region and the issue of actual location (either
semiconductor or gate dielectric) of the fixed charges
has remained elusive for some time,14 until the possibil-
ity to probe the trapped charge in a direct manner has
been demonstrated by semiconductor removal through
scotch-tape exfoliation followed by scanning Kelvin probe
microscopy analysis of the exposed dielectric layer.14,16
Even if these analysis are very convincing and important,
they involve some technical complications (e.g. films
need to be mechanically robust to allow a complete ex-
foliation, ambient light can de-trap the charge) and, in
particular, the analysis implies the device destruction.
Ultimately, such complications can be avoided only by
developing a non-contact and spatially-selective probing
of the buried interface.
Optical analysis can indeed provide a direct and
contact-free probing of electronic processes,17,18 but it
is also to be noted that many of the most common opti-
cal spectroscopy techniques are based on linear matter-
radiation interaction processes (such as absorption, re-
flection, fluorescence, etc.) taking place in the whole
bulk of the medium: as a consequence, they are not
intrinsically spatially-selective. Exploitation of optical
processes carrying an intrinsic sensitivity to the physical
state of surfaces and/or interfaces is instead desirable:
one example of such processes is represented by opti-
cal second harmonic generation (SHG), consisting in the
generation of an electromagnetic wave of frequency 2ω
(second-harmonic or SH wave) caused by the interaction
between a material medium and a laser beam (fundamen-
tal beam) of frequency ω. Remarkably, symmetry consid-
erations allow to demonstrate that such process cannot
take place in material regions where inversion symmetry
holds.19 Therefore, SHG analysis is intrinsically spatially-
selective, as it allows probing electronic properties related
only to regions where the inversion symmetry is broken
by material discontinuities (surfaces, interfaces) or by the
presence of local field having a well-defined direction.
As being an optical spectroscopy technique, SHG anal-
ysis allows to exploit peculiarities such as access to inter-
faces, absence of physical contacts, possibility to study
dynamic processes by time-resolved detection.20–24 Also
thanks to such peculiarities, SHG spectroscopy has been
successfully employed in last years in the field of or-
ganic field-effect transistors for investigations on car-
rier mobility,25,26 channel formation,27 trap states28 and
charge transfer at heterostructures.29
Driven by such considerations, we report about the
first SHG analysis - assisted by photoluminescence (PL)
investigations - devoted to the study of interfacial charge
trapping and internal built-in electric field formation
in N,N’-bis(n-octyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-
bisdicarboximide (PDI8-CN2) films grown on silicon
dioxide (SiO2). PDI8-CN2 is a perylene diimide deriva-
2tive considered to be one of the most promising mate-
rials for realization of stable n-channel OFETs30,31 and
complementary circuits,32 also yielding high-performance
devices by sublimation or from solution methods.33 Re-
cent investigations allowed to establish that the molecu-
lar packing in PDI8-CN2 films is characterized by pla-
nar centrosymmetric perylene cores stacked cofacially,
with interactions almost perpendicular to the substrate
surface.34 Thus, SHG spectroscopy appears to be partic-
ularly suited to the study of surface/interface processes
in PDI8-CN2 considering its centrosymmetry and its in-
plane charge delocalization.35
Analyzing a set of variable thickness PDI8-CN2 thin
films by polarization-resolved SHG (PR-SHG) and ex-
tracting the amplitude of χzxx second-order dielectric
susceptibility tensor elements, a finite three-dimensional
PDI8-CN2 region where the spatial distribution of charge
carriers lacks inversion symmetry has been evidenced.
A model to interpret this finding has been developed
on the basis of a Debye-Huckel charge screening mech-
anism triggered by charges localized in the SiO2 dielec-
tric layer. Such picture, confirmed by photoluminescence
findings, is used here to develop an expression of electric
field-induced SHG (EFISHG) susceptibility associated to
the screening field, allowing extracting an effective Debye
length for the charge distribution induced in the semicon-
ductor by the fixed charge located in the gate dielectric.
The work is organized as follows: the experimental
methods and details are described in Section 2; Section 3
is devoted to the experimental results, involving PR-SHG
and excitation-resolved photoluminescence (PLE) analy-
sis; in Section 4 the interpretation model developed to
elucidate the experimental results is described, followed
by a discussion on PL-PLE results and on other literature
findings. Main conclusions are finally drawn in section 5.
II. EXPERIMENTAL METHODS AND DETAILS
Experimental investigation in the present work was
carried out on a set of five different thickness PDI8-CN2
thin films deposited on SiO2, indicated hereafter as S1,
S2, S3, S4, S5 and having a thickness (d) of 6 nm, 10
nm, 20 nm, 42 nm and 70 nm respectively. The PDI8-
CN2 powder was purchased from Polyera Corporation
Inc. (Polyera ActivInkTM N1200) and deposited by vac-
uum sublimation on 200 nm-thick SiO2 layers thermally
grown on commercial (001) silicon substrates. Deposi-
tions were performed at a growth rate of 6 A˚ min−1 by
a high-vacuum system (base pressure between 10−8 and
10−7 mbar) equipped with a Knudsen cell and a quartz
microbalance. The chamber was warmed at tempera-
ture T=90◦ during deposition. Post-growth morphologi-
cal characterization of films was performed by means of
a XE100 Park atomic force microscope operating in air.
Prior to PR-SHG analysis, PL and PLE spectroscopy
measurements were performed on samples in order to
gain information on optical transition levels and on pres-
FIG. 1. Topographic AFM images of PDI8-CN2 films of dif-
ferent thickness: (a): 6 nm (sample S1); (b): 10 nm (sample
S2); (c): 20 nm (sample S3); (d): 42 nm (sample S4); (e): 70
nm (sample S5). In panel (f) the surface roughness is reported
vs. film thickness in log-log scale.
ence of near band-edge states in PDI8-CN2 films: as dis-
cussed in section 4, such information is helpful to inter-
pret the SHG experimental results. The PL and PLE
analysis was performed by using a computer-controlled
motorized system composed of a broad-band emission
Xe lamp coupled with a monochromator equipped with
1200 grooves/mm double-grating, providing wavelength-
tunable monochromatic optical excitation. PL emission
was collected through a confocal lens system and focused
onto the input slit of a 320 mm focal length spectrom-
eter. The PLE signal was determined as the total PL
emission (i.e. photoluminescence intensity spectrum in-
tegrated over emission photon energy) obtained as a func-
tion of excitation photon energy.
PR-SHG analysis was performed in reflection geome-
try (angle of incidence of about 45◦) by using a Nd:YAG
mode-locked laser (emission wavelength λω=1064 nm, 20
ps pulses duration, 10 Hz repetition rate) as fundamental
beam. The polarization angle α of the linearly-polarized
laser beam was varied through a 1064 nm half-wave re-
tardation plate mounted on computer-controlled motor-
3ized rotation stage. Sharp cut-off optical filters were used
to block fundamental beam reflected by the sample and
the undesired residual SH wave generated in the various
optical elements composing the setup. The p-polarized
component of SH output beam was selected by rotating a
half-wave retardation plate operating at SH wavelength
(λ2ω=532 nm) and placed before of a fixed polarizer. Fi-
nally, the output radiation was spectrally filtered at SH
wavelength by a PC-controlled motorized monochroma-
tor in order to remove any eventual spurious signal. A
photomultiplier tube was used for SHG intensity detec-
tion. Each experimental point was obtained by averaging
the SHG signal over 400 laser shots.
III. EXPERIMENTAL RESULTS
Topographic AFM images of as-deposited samples ac-
quired on 10x10 µm2 area are shown in Fig. 1 (panels (a)-
(e)) evidencing an uniform quasi-two-dimensional growth
for thinnest films, followed by progressive formation of
elongated three-dimensional islands about one microme-
ter long at increasing film thickness, in accord with other
literature findings.34,36 By computing the root-mean-
square roughness surf (determined as the standard devia-
tion of the film height distribution) versus film thickness
d, a power law σsurf ∝ d
β is obtained, in accord to dy-
namic scaling theory.37 A best-fit value of β = 0.24±0.03
was obtained for the growth exponent (Fig. 1, panel (f)),
in close accordance with the one (β = 0.21±0.02) already
reported by Liscio and coworkers for PDI8-CN2 grown
in similar conditions and representing a typical value for
compact surfaces developing by means of a layer-by-layer
growth mechanism.34
PL and PLE characterizations were performed through
the experimental setup previously described. The excita-
tion photon energy in PLE analysis was varied from 1.98
eV (corresponding to 625 nm excitation wavelength) to
2.5 eV (corresponding to 496 nm excitation wavelength),
thus scanning the energy range from sub-bandgap to in-
terband (i.e. HOMO-LUMO) transition energies and al-
lowing to determine the spectral shape of optical absorp-
tion of organic films.36 Similar spectral features in the PL
emission spectra were observed in all samples. In partic-
ular, all PDI8-CN2 films exhibited broad emission spec-
tra approximately peaked at 1.85 eV photon energy and
whose profiles were not symmetric with respect to their
centre. Representative peak-normalized PL spectra are
reported in Fig. 2 (solid black curves) for samples S3 (top
panel, 2A), S4 (middle panel, 2B) and S5 (bottom panel,
2C). It can be recognized that the centre of mass of the
emission profile does not coincide with the peak position,
suggesting therefore the presence of more than a single
PL band. The spectra could indeed be satisfactorily de-
scribed as superposition of two Gaussian emission bands,
shown in Fig. 2 as dotted curves. Finally, the excitation
spectra obtained by PLE measurements are reported in
Fig. 2 as open circles. To help comparison between the
FIG. 2. (Color online) Peak-normalized PL (black curves)
and PLE (yellow circles, arbitrary units) spectra of samples
S3 (panel A), S4 (panel B) and S5 (panel C). The dotted
curves are the Gaussian component used to decompose the
PL spectra, obtained by double-Gaussian best fit of the PL
data. To help comparison, approximate energy position of
the excitation onset (E0 ≈ 2.08 eV) and of the first excitation
resonance (E1 ≈ 2.28 eV) are marked by vertical dashed lines.
4FIG. 3. (Color online) Schematic representation of the SHG
experiment geometry. The fundamental beam of frequency
ω impinges on sample at an angle of incidence θ. Reflected
fundamental beam and SH beam are both represented in the
figure, where in the actual experimental setup the former is
cut off by a suitable optical filter. The sample surface and
plane of incidence are parallel to xy and xz planes respec-
tively. The polarization angle α is defined as the angle formed
by the polarization direction of the fundamental electric field
and the horizontal xy plane. In the green frame the structural
formula of PDI8-CN2 molecule is reported.
different plots, vertical dotted lines have been inserted
to mark the energy positions of the excitation edge (E0)
and of the first excitation resonance (corresponding to
optical absorption peaks) indicated as E1. It is worth
underlining that no significant sample-to-sample varia-
tion in the latter values is evidenced. As discussed in
next section, the observed features namely: a) the oc-
currence of an asymmetric PL profile, with likely pres-
ence of double emission bands; b) the relevant spectral
red-shift between the PL peak and the absorption edge,
and; c) the partial overlap between high-energy tail of PL
emission and absorption edge will be useful to sketch a
scheme for distribution of occupied electronic levels in
PDI8-CN2 films, supporting in turn the interpretation of
SHG data.
The PR-SHG experiment geometry is sketched in Fig.
3, showing the polarization angle α (defined as the an-
gle between the polarization direction of the linearly-
polarized fundamental electric field Eω and the sample
surface) and the reference system used to describe the
SHG signal. The experiments were performed by detect-
ing the optical intensity of the reflected p-polarized (i.e.
parallel to the plane of incidence xz in Fig. 3) SH wave
as a function of the polarization angle α. The general
purpose of the PR-SHG approach is to extract from ex-
perimental data the individual SHG susceptibilities (i.e.
tensor elements of the χ(2) tensor that drives the SHG
process), as they represent the physical quantities that
carry information on both surface properties and elec-
tric field-induced effects. In the case of isotropic media,
χ(2) tensor is composed by only three independent non-
null elements, namely χzzz , χzxx and χxxz. Using the
axis representation shown in Fig. 3, the polar pattern
of p-polarized SHG intensity IP ∝ |Ex|
2 + |Ez|
2 vs. α
(indicated also as αp plot) can be directly related to the
non-null susceptibility elements as follows:38
I2ωp (α) ∝ (Iω sin θ)
2 ·
∣∣Asin2α+B∣∣2 (1)
where B = χzxx: therefore, the χzxx coefficient can be
singled out through a best-fit of αp plots, while the term
A has a more complicated expression, combining all the
susceptibility elements with trigonometric function of the
angle of incidence.39,40
In Fig. 4 (upper panel) the experimental αp plots are
reported for some of the investigated samples (to improve
the readability of the graph the αp curve of the S3 sample
is omitted). All of the investigated PDI8-CN2 films in-
deed exhibited the same αp polar pattern, in accordance
with Eq.1 and differing only in actual values of the SHG
intensity (and, thus, in actual values of the best-fit co-
efficients). In other words, all investigated PDI8-CN2
films exhibited an SHG polar pattern representative of
an average isotropic symmetry extended over the size of
the optical interaction spot. Observation of such planar
isotropy was indeed predictable, after considering that
the optical excitation probes a surface area including a
very high number of elongated domains with random in-
plane orientation. As a rough estimation, we can take the
in-plane correlation length ξ as a characteristic average
size of an ordered domain: considering typical ξ values
ranging in PDI8-CN2 from about 80 to 150 nm,
36 an es-
timated number of 106 randomly-oriented domains are
probed on average in our measurements, thus smoothing
out local in-plane anisotropy of individual domains.
Best-fit curves obtained by using Eq. (1) are reported
in Fig. 4 (upper panel) as solid black curves. The corre-
sponding best-fitting values for |B| = |χzxx|susceptibility
coefficient are plotted in the lower panel of Fig. 4 as
a function of PDI8-CN2 films thickness. It can be seen
that the SHG susceptibilities exhibit a peculiar behavior,
characterized by a thickness dependence which is marked
for smaller film thicknesses and fades into a plateau at
larger film thicknesses. Even at this pre-analysis stage, it
can thus be anticipated that the results strongly suggest
that the observed nonlinear response cannot be assigned
to interface-localized processes only, which are not ex-
pected to depend on film thickness.
IV. DISCUSSION
A. Interpretation of experimental results:
simplified Debye-Huckel model for SHG
susceptibility in presence of an interfacial charge
layer
As previously mentioned, the observed dependence of
PDI8-CN2 SHG intensities and susceptibilities on sam-
5FIG. 4. (Color online) Top panel: α-in/p-out SHG intensity
for samples S1, S2, S4 and S5. Full lines represent the best-
fit curves obtained by using Eq. (1). Bottom panel: |χzxx|
susceptibility obtained by best fit of PR-SHG α-in/p-out data
using Eq.(1) vs. PDI8-CN2 film thickness. The dotted line is
a guide to the eye.
ple thickness suggests that interfacial-related optical non-
linearity is not the sole contribution to the second har-
monic signal. Indeed, the behavior represented in the
bottom panel of Fig 4 indicates that the SHG-active re-
gion is not limited to only one or two molecular layers
as in standard surface/interface-related SHG, but indeed
extends for several nanometers, defining a finite three-
dimensional volume corresponding to a semiconductor
thickness above which the SHG signal saturates. Actu-
ally, inversion symmetry in centrosymmetric semiconduc-
tors can be broken not only by material discontinuities -
leading to the properly called surface/interface SHG - but
also by local fields having a well-defined direction, leading
in this case to the electric field-induced SHG (EFISHG)
phenomenon. It is worth underlining that the two sit-
uations involve different SHG-active regions, namely a
quasi-two dimensional transitional region in the former
case and a three-dimensional region (in which local elec-
trostatic fields are present) in EFISHG.
In this section we show that the observed features can
be actually interpreted in terms of EFISHG induced by a
non-uniform charge distribution related to the presence
of a charged interfacial layer. To this aim, we start by
developing the nonlinear susceptibility term associated
to electric field-induced SHG phenomenon. The latter is
a third-order phenomenon, driven by the χ(3) suscepti-
bility tensor:41 as being an odd-order term, χ(3) is not
restricted by inversion symmetry considerations and is
therefore non-vanishing in the bulk of centrosymmetric
media. The EFISHG term arises from the local presence
of a static electric field (indicated by Edc(z)) giving rise
to a nonlinear polarization whose expression (using ten-
sor notation) is42,43 P
(EFISHG)
2ω = χ
(3) : EωEωz ·Edc(z),
where Edc is assumed to be directed along the normal to
material surface due to the isotropy of the system in the
(xy) plane. The previous expression clearly indicates that
the EFISHG polarization represents an additional SHG
contribution, originating from the presence of a Edc(z)
term that breaks the symmetry under inversion of the
z-axis.
For the present work, we derived the expression of
the total effective SHG susceptibility in presence of both
interfacial and electric field-induced SHG by using the
Green function formalism developed by Sipe for surface
optics.44 The details for the calculation of the effective
χzxx susceptibility (which is the quantity determined
though the experimental αp polar plots) for the case of
an isotropic film are reported in Appendix, where the
following expression is demonstrated:
χzxx = χ
(I)
zxx + γ3 exp (−d/Λ) · F (d) (2)
where d is the semiconductor thickness, χ
(I)
zxx represents
the interfacial second-order nonlinear susceptibility and
γ3 is the zxxz element of χ
(3) tensor element (i.e. one
of the three non-null independent tensor elements of χ(3)
tensor characterizing an isotropic medium, see Appendix
for the exact definition). The actual spatial profile of the
internal electrostatic field and the semiconductor thick-
ness affect the effective SHG susceptivity through the
term F (d), whose expression is:
F (d) =
∫ d
0
Edc(z) exp [−iz/LC ] dz (3)
where LC = λω/4pi (nω cos θω + n2ω cos θ2ω), θi (i =
ω, 2ω) is the refraction angle of fundamental (i = ω)
and SH wave (i = 2ω) in the sample, ni is the PDI8-CN2
refractive index at fundamental wavelength (λω) and SH
wavelength λ2ω. Finally, Λ = λ2ω/2piκ2ω cos θω,where
κ2ω is the extinction coefficient of PDI8-CN2 at SH wave-
length.
On the basis of the above expression, we show here
that the peculiar behaviour obtained for SHG susceptibil-
ity |χzxx| in SiO2/PDI8-CN2 systems can be interpreted
as resulting from the presence of a net charge in SiO2
gate dielectric, localized about its interface with the or-
ganic semiconductor. To this aim, it is to be underlined
that the organic molecules are in the neutral state in
6SHG experiments: as a consequence, accumulation of lo-
calized charges has to be compensated by redistribution
of opposite charge, screening out the local charge and
guaranteeing the overall charge neutrality of the organic
semiconductor. The built-in electrostatic field Edc in-
duced by the redistributed charge can thus give rise to
an EFISHG term in the total SHG response, according
to Eq.(2) and Eq.(3).
The spatial profile Edc(z) of the electrostatic
field is of course ruled by the Poisson equation
dEdc
/
dz = −d2φ
/
dz2 = 4piρ(z), where ρ(z) indicates the
density of redistributed charge in the organic semicon-
ductor. In the general case, the latter has to be solved
numerically46,47 due to its intrinsic non-linear nature (i.e.
the charge density itself depends on the local value of
electrostatic potential φ). However, a simplified analyti-
cal expression for Edc(z) can be obtained under assump-
tion of Debye-Huckel approximation, consisting in a lin-
earization of the ρ vs. φ dependence. In the case of
a non-degenerated n-type semiconductor at temperature
T, such approximation leads to a exponentially-decaying
built-in electric field characterized by a screening length
LD:
48
Edc(z) = Edc0 exp (−z/LD) (4)
where LD =
√
εkBT
/
8pie2nb is the Debye screening
length, nb is the bulk density of mobile charge carriers
and kB is the Boltzmann constant.
In spite of its simplicity, the above expression for the
electric field takes into account the main features ob-
served for SHG susceptibilities of PDI8-CN2. In fact,
using Eqs.(2), (3) and (4) the field-dependent quantity
F (d) becomes:
F (d) =
∫ d
0
Edc0 exp
[
−z
(
1
LD
+
i
LC
)]
dz (5)
It is easily seen that the modulus of Eq.(5) describes a
thickness-dependent quantity that increases for d < LD,
followed by saturation and attenuation as film thickness
approaches the attenuation length Γ, thus reproducing
the behavior of experimentally determined quantity.
In the case where the built-in electric field extends
up to a Debye length LD much less than the SHG co-
herence length LC , a first-order Taylor approximation
(exp [−iz/LC] ∼= 1) leads to the following simple expres-
sion:
χzxx(d) = χ
(I)
zxx+γ3LDE
dc
0 exp(−d/Λ) [1− exp(−d/LD)]
(6)
while the imaginary part of F (d) has to be considered
for the |χzxx(d)| calculation in the more general case of
a Debye length not negligible compared to the coherence
length LC .
We numerically computed the |χzxx(d)| values ob-
tained through the exact (i.e. using Eq.(5)) vs. simplified
FIG. 5. (Color online) Computed |χzxx| values obtained by
using the approximated expression in Eq.(6) (empty circles)
and the exact expression (full squares) as a function of d/LD
ratio. The following numerical parameters have been used:
LD = 10 nm, LC = 30 nm, Λ = 240 nm.
(Eq.(6)) expression. The results are reported in Fig. 5,
using the following parameter values: LD = 10 nm, Λ
= 240 nm, LC = 3 · LD = 30 nm. The value for LD
has been chosen as being close to the one obtained from
the fit of experimental results (see next), while the values
for Λ and LC obtained using the ellipsometric values
45
nω ∼= n2ω ∼= 1.7 and κ2ω ∼= 0.4 for PDI8-CN2 have been
used. Considering a film thickness up to 5·LD, maximum
difference between the exact and approximated |χzxx(d)|
value is found to be about 3%, a result that can be consid-
ered satisfactory within the experimental uncertainties.
We therefore used Eq.(6) to fit the experimental SHG
susceptibilities |χzxx| (d) of the PDI8-CN2 films. The re-
sults are reported in Fig.(6), where full circles and dashed
line represent the experimental data (obtained by PR-
SHG analysis, Eq.(1)) and the best-fit curve obtained by
means of Eq.(6), respectively. As a reference, the average
experimental value of |χzxx| amplitude of un-deposited
substrates is also reported (empty square). The data fit-
ting gives an estimated value of Debye length of LD =
9 nm, corresponding to about 4-5 monolayers (ML) of
PDI8-CN2 on average, with a experimental uncertainty
of about 1 ML monolayer.
B. Additional observations and remarks on
SiO2/PDI8-CN2 interfacial charge screening
interpretation
The model described in the previous sub-section as-
sumes the presence of localized charges at SiO2/PDI8-
CN2 interface and of mobile charges (able to spatially
redistribute themselves) in the bulk of organic semicon-
ductor. We discuss here additional observations support-
ing such assumptions.
Concerning the presence of mobile electrons in as-
7FIG. 6. (Color online) Full circles: |χzxx| SHG susceptibility
obtained by PR-SHG analysis of the PDI8-CN2 films. Dashed
curve: best fit of experimental data obtained by Eq.(6).
Empty square: average experimental value of un-deposited
substrates |χzxx| amplitude.
grown PDI8-CN2 films, interesting considerations can be
expounded from PL+PLE findings previously reported.
Even if no specific references are available to elucidate
the nature of states contributing to PL emission in PDI8-
CN2, it is worth citing a recent in-situ PL analysis per-
formed on molecular films of perylene cores.49 In this
work, authors evidenced the different spectral contribu-
tions originating from excimers and from defects states
at room temperature, with the former contributing to
a PL peak significantly red-shifted (∆E ≈ 540 meV)
with respect to the 0-0 monomer transition.49,51 These
results are very close to the ones here reported for PDI8-
CN2, whose PL also can be decomposed as a superpo-
sition of two contributes, one approximately peaked at
Ea=1.76 eV (red dotted curve in Fig. 2) and another
at about Eb=1.90 eV (blue dotted curve in Fig. 2). It
is to be noted that the energy distance between Ea and
the first absorption transition (E1) is |E1 − Ea| ≈ 520
meV, almost equal to the result reported by Chen and
Richardson.49 It is also to be underlined that the second
emission band occurs at photon energies very close to
the onset of optical absorption E0 evidenced by the PLE
spectra. On these basis, the PL components peaked at
energiesEa and Eb can be reasonably assigned to excimer
emission and below-bandgap defective states, similarly
to Ref.49. This allows to sketch a scheme for PDI8-CN2
states occupation at equilibrium in which defect states
accumulating below the LUMO edge are prevalently oc-
cupied and absorption transitions at photon energy below
the E0 edge are prevented by state-filling (i.e. Pauli ex-
clusion principle). In such a case, after optical excitation
provided by photons with energy ~ω > E0, electrons oc-
cupying defective states below the LUMO edge and near
band-edge states slightly above E0 can recombine with
holes created by photo-excitation, thus explaining why
the near band-edge transitions at photon energy less than
E0 are observed in emission spectrum and not in excita-
tion spectrum.
It is a key point that the above described occupation of
near band-edge states implies a pinning of the Fermi level
close to the LUMO edge and, as a consequence, a non-
negligible occupation of LUMO states at finite tempera-
ture. This supports the presence of mobile electrons able
to spatially redistribute themselves in as-grown PDI8-
CN2 films.
Other recent literature works also support this lat-
ter conclusion. A very direct evidence of LUMO oc-
cupation was obtained by recent ultraviolet photoe-
mission spectroscopy investigations evidencing a Fermi
level positioned very close to the LUMO edge in PDI8-
CN2 films.
52 Furthermore, the presence of mobile bulk
electrons in PDI8-CN2 thin-film transistors using non-
passivated SiO2 layers as gate dielectric was also evi-
denced in Ref. 53 by observation of negative threshold
voltages, accompanied by measurable source-drain cur-
rents occurring even for null gate voltage.53
Finally, it is worth to briefly discuss about possi-
ble mechanisms leading to Debye-like charge redistribu-
tion here hypothesized, focusing in particular on spe-
cific interactions involving the organic semiconductor and
the SiO2 dielectric. In this regard, it is worth men-
tioning that the negative threshold voltage observed in
Ref. 53 for PDI8-CN2 OFETs using untreated SiO2 as
gate dielectric shifted toward less negative voltages af-
ter SiO2 passivation by hexamethyldisilazane (HMDS).
Due to the hydrophobic character of HMDS-passivated
surfaces54, authors suggested the occurrence in PDI8-
CN2 of a water-induced oxidation accompanied by proton
formation, according to the redox reaction 2H2O+4OS⇋
4H++4OS−+O2(solv), where OS and OS
− indicate the
organic semiconductor at neutral state and at negatively
charged state. At equilibrium, a net amount of pro-
tons can diffuse in the SiO2 layer barrier and be even-
tually back-diffused towards the semiconductor during
application of positive gate bias, leading to source-drain
current instability.53 The negatively-charged PDI8-CN2
molecules (OS−) can promote the electron transport, re-
sulting in the source-drain currents observed even in ab-
sence of applied gate voltage. Such a proposed scheme
would explain both the positive shift of threshold volt-
age and the reduction of mobile charge concentrations
observed after HMDS treatment of SiO2. It is worth
noting that a similar mechanism has been proposed by
Sharma and coworkers to explain the operational insta-
bilities in p-type OFETs.9 According to the above de-
scribed interpretation, we hypothesize that the built-in
electrostatic field contributing to SHG response can thus
originate from OS− redistributing themselves to screen
out the net charge associated to protons migrated in the
SiO2 layer. However, further investigations are required
in order to confirm such interpretation.
8V. CONCLUSIONS
In conclusion, in this work we investigated on the pos-
sibility to employ optical second-harmonic generation as
a technique to perform non-destructive and spatially-
selective probing of electronic response in PDI8-CN2
molecular films deposited on SiO2 dielectric layers. Ev-
idences of nonlinear polarization contributions originat-
ing from charges lying at the buried PDI8-CN2/SiO2 in-
terface and/or from internal built-in electrostatic fields
formed in the organic semiconductor were sought by
determination of nonlinear dielectric susceptibilities in
PDI8-CN2 films of variable thickness. The experimen-
tal results pointed out a finite three-dimensional SHG-
active semiconductor region in which spatial distribu-
tion of charge carriers lacked inversion symmetry, sug-
gesting that purely-interfacial SHG did not represent the
only contribution to the total SH intensity. In particu-
lar, we showed that the experimental findings could be
modeled in terms of electric field-induced SHG, result-
ing from the presence of a net charge lying in the SiO2
gate dielectric and inducing a non-uniform charge dis-
tribution in bulk PDI8-CN2, according to a Debye-like
charge screening mechanism. Application of our model
for the electric field-dependent nonlinear susceptibility to
the experimental data gave a screening length of about
4-5 ML characterizing the non-uniform charge distribu-
tion in PDI8-CN2. Photoluminescence and excitation-
resolved photoluminescence characterizations supported
the occurrence of occupied LUMO states and the pres-
ence of mobile charge carriers in PDI8-CN2, thus rein-
forcing the proposed interpretation. Reduction-oxidation
reactions involving PDI8-CN2 and water molecules were
discussed as the possible source of the net charge inducing
the screening field formation. The work outlines a useful
and non-destructive method to probe charged layers at
buried organic/dielectric interfaces.
Appendix A: Determination of total χzxx effective
susceptibility
In the present Appendix we determine the expression
reported in Eq. (2) for the effective χzxx susceptibility
in the presence of a spatially varying electrostatic Edc(z)
field. The latter field gives rise to a contribution to the
SH wave, whose expression can be obtained by means of
the Green function formalism. As shown in Ref. 44, the
output SH electric field E2ω generated by a polarization
P(z) and radiated in reflection geometry is given by:
E2ω(z) ∝
∫ z
0
P(z′) exp [i(z − z′)q2ω ] dz
′] (A1)
We fix the origin of z axis (z = 0) at SiO2/PDI8-CN2
buried interface, so that the amplitude of the output
field is obtained by using z = d. Using the expression
of electric field-induced polarization P
(EFISHG)
2ω = χ
(3) :
EωEωz·E
dc(z) (see also the main text) and Eq.(A1), one
obtains:
E
(EFISHG)
2ω ∝ χ
(3) : EωEωz×
×
∫ d
0
exp(iq2ωd)E
dc(z) exp [−i (q2ω + 2qω) z] dz
(A2)
where the fundamental and SH fields are expressed as
Ei(x, y, z) = Ei(x, y) · exp (iqiz), so that qi = (2pi/λi) ·
n˜i cos θi represent the wave-vector component perpendic-
ular to sample surface of the i-th field (i = ω for the fun-
damental field, i = 2ω for the SH field) and n˜i indicates
the PDI8-CN2 complex refractive index. It is to be noted
that n˜ω can be safely considered as a real quantity (as
negligible optical absorption occurs in PDI8-CN2 at the
fundamental wavelength λω=1064 nm), while absorption
is instead not negligible at SH wavelength λ2ω = 532 nm
and a finite imaginary part κ2ω in the complex refractive
index n˜2ω = n2ω + iκ2ω has to be considered.
Eq.(A2) can therefore be rewritten as:
E
(EFISHG)
2ω ∝ χ
(3) : EωEωz · exp (−d/Λ))F (d) (A3)
where
F =
∫ d
0
Edc(z) exp [−iz/LC]dz
and where
Λ = λ2ω/4pi (nω cosω +n2ω cos2ω)
LC = |Re(q2ω) + 2qω| = λω/4pi (nω cos θω + n2ω cos θ2ω)
are the optical attenuation length and the coherence
length for reflected SH wave, respectively.
Eq.(A3) can be expressed in an equivalent manner by
developing the tensor quantity on Cartesian components,
as follows:
E
(EFISHG)
i ∝
∣∣∣χ(3)ijkzEωj Eωk
∣∣∣ exp(−d/Λ) · F (d) (A4)
where the first member represents the i-th component of
the electric field-induced SH wave and where the stan-
dard Einstein convention of summing over repeated in-
dexes is used. A relation similar to (A4) can of course be
given for the interface SH wave:
E
(I)
i ∝
∣∣∣χ(I)ijkEωj Eωk
∣∣∣ (A5)
noting that in this latter case no integration over the z
coordinate occurs, due to the local nature of the interfa-
cial susceptibility. The total SH signal can thus be con-
veniently expressed as proportional to
∣∣∣χ(TOT )ijk Eωj Eωk
∣∣∣2,
where χ
(TOT )
ijk = χ
(I)
ijk + χ
(3)
ijkze
−d/ΛF (d).
9Being 3-rd rank tensors, both χijk and the contracted
χijkz tensor (with forth index fixed to z) that appear
in the previous expressions are described, in principle,
by up to 33 = 27 tensor elements. However, symmetry
considerations can reduce significantly this number. In
particular, in the case we are considering (∞mm sym-
metry) both tensors are described by only three non-
null independent elements, namely χzxx, χxxz and χzzz
for the interfacial second-order susceptibility tensor and
γ1 = χzzxx, γ2 = χzxzx and γ3 = χzxxz for the χ
(3) ten-
sor (the superscript (3) for the χ(3) tensor elements has
been omitted for the sake of brevity). From symmetry
consideration the following equalities can be obtained:19
χ
(I)
zxx = χ
(I)
zyy
χ
(I)
xxz = χ
(I)
yyz = χ
(I)
xzx = χ
(I)
xzy
γ1 = χyyzz = χzzyy = χzzxx = χxxyy = χyyxx
γ2 = χyzyz = χzyzy = χzxzx = χxzxz = χxyxy = χyxyx
γ3 = χyzzy = χzyyz = χzxxz = χxzzx = χxyyx = χyxxy
The SH wave components can now be developed from
Eq.(A4) and Eq.(A5) using the above listed non-null in-
dependent susceptibility elements. After calculation, the
following expressions are obtained:
E(2ω)x ∝ 2E
ω
xE
ω
z ·
[
χ(I)xxz + (Γ− γ3) e
−d/ΛF (d)
]
(A6)
E(2ω)y ∝ 2E
ω
yE
ω
z ·
[
χ(I)xxz + (Γ− γ3) e
−d/ΛF (d)
]
(A7)
E(2ω)z ∝
[
(Eωx )
2 +
(
Eωy
)]
·
[
χ(I)zxx + γ3e
−d/ΛF (d)
]
+
+ (Eωz )
2
·
[
χ(I)zzz + Γe
−d/ΛF (d)
]
(A8)
where Γ = γ1 + γ2 + γ3 and where the total SHG sus-
ceptibilities are the quantities in square parenthesis. In
particular, from A8 we obtain the equality reported in
Eq.(2), i.e.:
χ(Tot)zxx = χ
(I)
zxx + γ3 exp (−d/Λ)F (d) .
As a final check, it can be seen that in the s-in/p-out
configuration (α = 0 in the αp plots, corresponding to
Eωx = E
ω
z = 0) the equalities E
2ω
x = E
2ω
y = 0 and E
2ω
z ∝(
E2ωy
)2
·χzxx are obtained by means of Eqs.(A6),(A6) and
(A8). This implies that the p-polarized SH signal mea-
sured at α=0 input polarization Ip ∝
∣∣E2ωz ∣∣2 is propor-
tional to the square modulus of χzxx, as also prescribed
by Eq. (1).
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